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1  3.  ABSTRACT  (WatlrTun  200  words) 

The  integration  of  GaAs  with  ferrimagnetlc  garnets  was  investigated  and  demonstrated. 

A  hybrid  technique  was  first  used  to  integrate  two  GaAs  circuits  with  yttrium-iron 
garnet  (YIG)  delay  lines,  demonstrating  the  feasibility  and  benefits  of  combining  the 
two  materials  in  special  microwave  operations.  The  epitaxial  growth  of  single-crystal 
C.aAs  on  gadolinium-gallium  garnet  (GGG)  was  then  accomplished,  demonstrating  a  first 
step  in  the  monolithic  Integration  of  the  two  materials.  The  hybrid  circuit,  consis¬ 
ting  of  a  GaAs  microwave  circuit  Integrated  with  a  tapped  YIG  delay  line,  formed  an 
oscillator  with  an  extremely  short  external  delay  loop,  and  taps  provided  multiple 
outputs  with  long  delay  time.s.  The  oscillator  was  tunable  from  2.76  to  2.95  GHz  with 
a  3-dB  bandwidth  of  lOkHz.  The  first  growth  of  GaAs  on  GGG  was  sucessfully  performed 
by  using  an  InAs  buffer  layer  and  an  InAs/GaAs  multilayer  structure  between  the  GGG  and 
the  GaAs.  The  unintentionally  dope^^InAs  lay^gs  w^re  n-type  with  room-temperature  donoi 
concentrations  ^^6  range  of  7x10  to  2x10  cm  ,  and  corresponding  mobilities  were 
3.5x10  to  1x10  cm  /V  s.  Hall  measurements  indicated  that  the  GaAs  was  conducting. 

These  were  the  first  electrical  measurements  ever  reported  for  any  III-V  compound 
semiconductor  deposited  on  a  garnet. 


14.  SUBJECT  TERMS  'S 

Surface  acoustic  wave  (SAW)  devices,  microwave-circuit  applications,— 
Magnetostatic  waves  (MSWs),  GaAs  circuits 


1 7.  SECURITY  CUSSIFICAT10N 


PRICE  CODE 


NSN  75«>01  280-5600 


3.  SECURITY  CLASSIFICATION  1 9.  SECURITY  CUSSIFICATION  20.  UMITATION  OF  ABSTRACT 

^WimriED  ^’^f^NfSlElED 


Stanoara  f  orm  i-gg  (Wpv  2  89' 
Prescrtocd  by  ANSI  Sid  18 
298-102 


Magnetostatic  Wave  Technology 
FINAL  REPORT 
For  Contract  Period 
1  October  1986  to  30  September  195H) 

ABSTRACT 

In  this  development,  the  integration  of  GaAs  with  ferrimagnedc  garnets  was 
investigated  and  demonstrated.  A  hybrid  technique  was  first  used  to  integrate  two  GaAs 
circuits  with  yttrium-iron  garnet  (YIG)  delay  lines,  demonstrating  the  feasibility  and 
benefits  of  combining  the  two  materials  in  special  microwave  operations.  The  q>itaxial 
growth  of  single-crystal  GaAs  on  gadolinium-gallium  garnet  (GGG)  was  then 
aoconq)lished,  demonstrating  a  first  step  in  the  monolithic  integration  of  the  two  materials. 
These  results  were  reported  in  three  separate  publications. 

The  Hrst  hybid  circuit  demonstrated  was  a  single-mode  magnetostatic  surface-wave 
delay-line  oscillator  that  could  be  tuned  continuously  from  4.82  to  6.93  GHz  without 
frequency  jumping  and  without  the  need  for  a  directional  coupler.  The  circuit  delivered  an 
output  power  of  4.4  dBm  at  6. 1  GHz  with  a  phase  noise  of  -100  dBc/Hz  at  10  kHz  away 
from  the  oscillation  frequency.  The  second  hybrid  circuit  consisted  of  a  GaAs  mioDwave 
circuit  integrated  with  a  tapped  YIG  delay  line.  This  integrated  circuit  formed  an  oscillatt)r 
with  an  extremely  short  external  delay  loop,  and  taps  provided  mn]tq>le  ou^uts  with  long 
delay  times.  The  oscillator  was  tunable  from  2.76  to  2.95  GHz  with  a  3-dB  bandwidth  of 
10  kHz. 

Hnally,  die  first  growth  of  GaAs  on  GGG  was  successfully  performed  using  an 
InAs  buffn*  layer  and  an  InAsA3aAs  multilayer  structure  between  die  GGG  and  die  GaAs. 
The  unintentionally  defied  InAs  layers  were  n-type  with  room-tenqperature  donor 
concentrations  in  the  range  of  7  x  10*^  to  2  x  10^^  cm’^,  and  cmreqxmding  mobilities 
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were  3.5  x  10^  to  1  x  1(P  cm^V  s.  Hall  measurements  indicated  that  the  GaAs  was 
conducting.  These  were  the  first  electrical  measurements  ever  rqxxted  ftn*  any  III-V 
con^und  semiconductor  deposited  on  a  garnet 
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1 .  INTRODUCTION 


In  most  microwave-circuit  applications,  mioowave  signals  must  be  identified, 
isolated,  controlled,  and  processed.  To  perform  these  functions,  low-loss  passive  devices 
such  as  delay  lines.  Alters,  resonatcMS,  conelarors,  convolvers,  and  circulators  are 
required.  Surface  acoustic  wave  (SAW)  devices  have  been  used  to  perform  most  of  these 


functions,  but  their  operation  is  limited  to  Aequencies  in  the  megahertz  range.  This 
necessitates  the  conversion  of  signals  at  microwave  frequencies  to  SAW  frequencies  for 
processing  and  then,  in  some  instances,  back  to  microwave  frequencies. 

For  the  past  ten  years,  the  use  of  magnetostatic  waves  (MSWs)  in  ferrimagnedc 
garnets  has  been  investigated  to  perform  these  functions  at  microwave  Aequencies.  Several 
MSW  components,  such  as  delay  lines,  Alters,  resonators,  correlators,  and  convolvers, 
have  been  realized  and  used  feu-  analog-signal  identiAcation,  control,  and  processing.  ^ 

These  components  enable  a  substantial  reduction  in  the  device  size  required  for  long  delays, 
because  MSWs  travel  with  velocities  two  to  four  orders  of  magnitude  slower  than 
electromagnetic  waves.  In  addition,  ferrimagnedc  garnets  are  widely  used  in  isolators  and 
circulators  to  provide  isoladon  in  appropriate  parts  of  a  microwave  circuh.  Ferrimagnedc 
circulators  can  operate  from  0.5  to  26.5  GHz  and  have  wide  bandwidths  and  low  inserdon 
losses.^ 

The  monolithic  integration  of  semiconductors  with  devices  based  on  fenimagnedc 
materials  would  rqnesoit  a  signiAcant  advance  in  microwave-circuit  teduiology.  Such  a 

capability  would,  f«  example,  enable  ferrimagnedc  circulators  to  be  monolithically  - 

incorporated  in  phased-array  radar  modules,  resulting  in  signiAcant  reduedons  in  size  and  ^  B 

weight  The  primary  factm:  limiting  this  capability  is  the  difficult  materials  challenge  _ 

growing  high-quality  semiconductor  Alms,  such  as  GaAs,  on  fenimagnedc  substrates. - 

The  farimagnetic  materials  arc  garnets,  which  have  a  euWe  crystal  lattice  like  most  of  the 
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widely  used  semiconductors  but  have  a  lattice  parameter  which  is  mcne  than  twice  that  of 
GaAs. 

Because  of  its  low  propagation  loss,  the  most  frequently  used  ferrimagnetic  film  is 
yttrium-iron  garnet  (YIG)  grown  by  liquid  phase  epitaxy  on  a  gadolinium-gallium  garnet 
(GGG)  substrate  2  The  GGG  substrate  is  particularly  desirable  because  it  provides  a  lattice 
match  to  YIG  films  and  allows  essentially  defect-free  (<  1  defect/cm^  Hlms  to  be  grown 
on  large-diameter  (>  3  in.)  GGG  wafers.  The  integration  of  magnetic  microwave 
nonreciprocal  devices  and  MSW  devices  with  monolithic  nncrowave  integrated  circuits 
(MMICs)  is  currently  performed  by  hybrid  techniques.  One  method  used  in  this  integraticm 
involves  gluing  or  soldering  the  circuit  chips  and  YIG  devices  together  in  order  to  make  the 
wire  interconnects.  The  objective  of  the  initial  phase  of  this  program  was  to  design  circuits 
using  this  hybrid  approach.  This  is  a  cumbersome  process  with  a  low  yield,  and  the 
interconnect  wires  can  limit  the  circuit  performance.  In  the  second  phase  of  the  program, 
the  mcmolithic  integration  of  semiconductor  microwave  devices  widi  the  nonreciprocal 
MSW  devices  was  investigated  in  order  to  overcome  these  limitatioos.  Molecular  beam 
epitaxy  (MBE)  was  used  to  grow  GaAs  on  GGG,  the  first  step  in  such  an  integration. 

2.  HYBRID  INTEGRATION  OF  GaAs  CIRCUITS  WITH  YIG 

Two  circuits  were  designed  and  built  that  denx>nstrate  the  utility  of  integrating  active 
electronic  devices  with  YIG  delay  lines.  The  material  used  was  a  20-pm-thick  layer  of 
(1 1  l)-oriented  YIG  grown  on  a  (1 1  l)-oriented  GGG  substrate  by  liquid  phase  epitaxy. 

The  GaAs  circuit  was  fabricated  on  an  MBE-grown  epitaxial  layo-.  After  dicing  the  circuit 
chip  from  the  GaAs  wafer,  both  the  delay  line  and  the  microwave  circuit  chip  were  glued 
into  a  microwave  package.  Wire  interconnects  were  used  between  the  GaAs  circuit  and  the 
YIG  delay  line.  Details  of  the  design  and  operaticai  of  these  two  circuits  were  published,^*^ 
and  the  reports  are  provided  here  in  Appendices  A  and  B. 
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3.  EPITAXIAL  GROWTH  OF  GaAs  on  GGG 


To  our  knowledge,  there  were  only  two  previous  Tq)orts  of  the  epitaxial  growth  of 
m-V  compounds  on  a  garnet  and  both  utilized  organometallic  v^r  phase  epitaxy.  In  one 
case,^  an  LiP  layer  that  contained  several  InGaAs  quantum  wells  was  grown  on  GGG.  The 
lattice-constant  mismatch  between  the  InP  and  GGG  was  52.6%.  In  the  second  case,®  a 
GaAs  film  was  grown  on  a  garnet  in  which  the  rare  earth  composition  was  adjusted  to 
obtain  lattice  sites  that  were  more  nearly  coincident  with  the  GaAs  lattice  sites.  The 
mismatch  was  52.7%.  Electrical  characterization  of  the  layers  was  not  reported  in  either 
case. 

In  this  program,  we  investigated  the  use  of  MBE  to  grow  GaAs  on  GGG,  which  is, 
as  mentioned  above,  a  commonly  used  substrate  for  the  deposition  of  ferrimagnetic  films.'^ 
We  developed  a  technique  in  which  an  initial  layer  of  sin^e-crystal  IdAs  is  first  grown  on  a 
GGG  substrate.  Single-crystal  layers  of  InAs  can  be  grown  on  GGG  because  the  lattice 
constant  of  InAs  is  nearly  one  half  that  of  GGG,  enaUing  every  other  lattice  site  of  die 
InAs  layer  to  coincide  with  the  GGG  lattice  sites.  We  then  grew  a  carefully  graded 
superlattice  of  InAs  and  GaAs  on  the  InAs  layer  to  make  the  transition  to  GaAs  while 
maintaining  the  semiconductor  crystallinity. 

Aldiough  the  initial  structures  that  were  grown  were  crystalline,  they  could  not  be 
electrically  characterized  because  both  the  GaAs  and  InAs  were  conductive,  making  it 
impossible  to  differentiate  between  the  conductivity  of  the  two  materials.  In  work 
performed  subsequent  to  the  completion  of  this  program,  low-teoqierature-grown  (LTG) 
GaAs  was  utilized  to  isolate  the  uppermost  layer  of  GaAs  fiom  the  layers  below.^  At 
present,  the  active  GaAs  layer  appears  to  be  compensated  by  a  facttnr  of  about  2.4,  having  a 
Carrie  concentration  of  8  x  10*^  cm*^  when  the  intended  concentration  was  2  x  an'3. 
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Also,  the  surface  morphology  of  the  GaAs  was  not  adequate  for  device  processing,  a 
problem  which  remains. 

Prior  to  achieving  the  above  results,  an  extensive  investigation  of  methods  for 
cleaning  the  surface  of  YIG  or  GGG  prior  to  growth  and  the  MBE  growth  parameters 
required  to  grow  GaAs  on  YIG  or  GGG  was  undertaken.  It  would  be  noost  desirable  to 
grow  GaAs  on  a  (1 1 1)  crystallographic  plane  of  YIG  or  GGG  because  this  is  the 
orientation  on  which  the  magnetic  garnets  are  grown  and  are  commercially  available. 
Consequently,  most  of  the  early  investigations  were  attempts  to  grow  the  GaAs  directly  on 
(11  l)-oriented  YIG  films  and  GGG  substrates.  Although  these  attempts  proved 
unsuccessful,  we  have  included  a  description  of  these  experiments  in  this  report  to  make 
the  reader  aware  of  the  pitfalls  in  this  technology  and  to  describe  the  chemical  reactions  that 
can  inhibit  epitaxial  growth. 

4 .  EXPERIMENTAL  APPARATUS 

A  Varian  GEN  n  MBE  system  was  used  to  perform  all  the  epitaxial  growths.  Our 
MBE  system  has  a  base  pressure  of  10'^^  T(ot  and  is  only  used  to  grow  As-based 
semiconductor  compounds.  The  system  is  equipped  with  a  reflection  high-energy  electron- 
dif&action  (RHEED)  apparatus,  which  we  use  regularly  to  determine  substrate  temperature, 
growth  rate,  and  the  crystalline  quality  of  a  growing  surface.  The  ability  to  monitor  the 
surface-lattice  construction  during  growth  provides  an  extremely  powerful  tool  for  the 
study  of  the  heteroepitaxial  growth  of  lattice-mismatched  crystals.  We  have  learned, 
however,  that  if  chemical  reactions  occur  between  the  incident  vapor  species  and  the 
substrate,  the  RHEED  diffraction  patterns  can  be  misleading.  In  addition  to  RHEED,  we 
have  used  x-ray  diffraction,  Augo*  election  spectroscopy.  Hall  measurements,  Nomarski 
micioscope  observations,  and  scanning  election  microscopy  (SEM)  to  characterize  die 
epitaxial  laym. 
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A  schematic  diagram  of  the  RHEED  apparatus  is  shown  in  Fig.  1,  togetho*  with  three 
characteristic  RHEED  patterns.  An  electron  beam,  which  can  be  varied  in  energy  from  0  to 
20  KeV,  impinges  on  the  growing  surface  at  a  grazing  angle  of  only  a  few  degrees,  is 
diffracted  from  the  surface,  and  activates  a  fluorescent  screen.  The  component  of  electrcMi 
energy  normal  to  the  surface  is  only  a  few  hundred  election  volts,  so  that  the  diffracted 
electron  beam  only  samples  about  three  monolayers  of  the  crystal  surface.  The  streaked 
lower-di^action  pattern  of  Fig.  1  simulates  a  pattern  of  lines  emerging  fix>m  a  surface  that 
is  both  crystalline  and  extremely  flat  within  the  impinging  beam  area.  The  spotted  center- 
diffraction  pattern  of  Fig.  1  is  three-dimensional,  caused  by  the  diffiraction  of  high-energy 
electron  transmission  through  surface  asperities.  The  observation  of  this  pattern  is  a  clear 
indication  that  the  growing  surface  is  becoming  rough,  probably  because  of  three- 
dimensional  growth.  If  the  spots  remain  sharp  and  well  defined,  the  growth  must  be 
crystalline.  The  Debyc-Scherrer  rings  shown  in  the  top  diffraction  pattern  of  Fig.  1  are  a 
clear  indication  of  polycrystalline  growth.  If  no  diffraction  pattern  is  seen  on  the  RHEED 
screen,  then  the  growing  layer  is  very  likely  amorphous.  The  physical  spacings  between 
the  diffraction  streaks  or  spots  are  inversely  related  to  lattice  spacing  of  the  surface  atoms. 
These  spacings  may  differ  from  those  obtained  frrom  a  bulk  lattice  because  of  the  chemical 
arrangement  of  dangling  bonds  from  surface  atoms,  which  form  in  the  way  that  minimizes 
surface  energy.  Thus,  much  can  be  learned  about  the  growing  surface  while  the  growth  is 
taking  place.  Furthermore,  if  the  substrate  crystal  is  noore  stable  and  has  a  significantly 
lower  vapexr  pressure  than  the  epilayer,  the  layer  that  is  grown  can  be  thermally 
reevaporated  from  the  substrate  and  the  growth  may  be  reinstated  with  different  growth 
parameters.  This  was  the  case  for  the  growth  of  GaAs  on  GGG.  However,  the  technique 
was  not  used  in  this  research  because  of  concern  that  a  chemical  reaction  with  the  GGG 
could  cause  the  reevq)Qradon  of  an  undesirable  species  Hike  oxygen)  into  our  heavily 
utilized  MBE  system. 
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5 .  EXPERIMENT 


5.1.  Growth  ON  (Iil)-ORIENTCDYIG 

The  chemical  composition  of  GGG  is  Gd3Ga50i2.  and  the  basic  oystal  structure  is 
cubic  with  a  latdce  parameter  of  12.383  A.  Hie  basic  crystal  structure  of  GaAs  is  also 
cubic,  but  the  lattice  parameter  is  only  5.653  A.  The  lattice-constant  mismatch  between  the 
two  structures  is  thus  53.4%.  Even  if  the  GaAs  were  to  be  grown  such  that  every  second 
GaAs  site  were  coincident  with  a  GGG  site,  the  mismatch  would  be  8.7%.  In  spite  of  this 
large  mismatch,  numerous  atten:^ts  were  made  to  grow  GaAs  directly  on  (1 1  l)-(xiented 
YIG  by  MBE  using  a  variety  of  MBE  growth  conditions  and  techniques.  These 
experiments  are  described  by  Tables  I  through  vm.  As  previously  stated,  none  of  these 
experiments  were  successful,  but  they  are  described  here  to  provide  guidance  to  other 
workers  in  this  area. 

Since  the  (1 1  l)-oriented  YIG  was  in  the  form  of  a  20-pm-thick  epilayer  grown  on  a 
(1 1  l)-oriented  GGG  substrate  by  liquid  phase  epitaxy,  no  mechanical  pdishing  was  used 
in  these  experiments.  Instead,  both  chemical  and  thermal  etching  procedures  were 
employed.  The  surface  treatments  of  the  YIG  substrates  are  given  in  coluiim  5  (^Tables  I 
through  vm.  With  the  exception  of  growth-run  numbers  3-1 191  and  3-1201,  all 
substrates  were  degreased  and  etched  prior  to  mounting  in  the  MBE  system.  The 
degreasing  procedure  consisted  of  10-min  boil  in  a  1:1:1  solution  of  trichloroediane, 
acetone,  and  methanol,  followed  a  room-tonperature  rinse  in  acetone  and  methanol  and 

drying  in  a  stream  of  dry  nitrogen.  Etching  consisted  of  immersing  the  substrate  in  a  1:1 
solution  of  phosphoric  and  sulfuric  acid  heated  to  150^C,  followed  by  a  5-min  rinse  in 
deionized  (DI)  water.  This  etch  removed  less  than  0.1  pm  of  the  YIG. 

In  all  cases,  the  substrates  were  mounted  on  a  Mo  substrate  holder  with  In  solder  and 
placed  in  the  preparation  chamber  of  die  MBE  systom.  All  thermal  treatments  were  done  in 
the  MBE  systeia  Most  of  the  heat  treatments  were  done  in  the  prqraration  diamber  with 
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the  exertion  of  those  in  which  an  As  flux  was  used  or  where  the  growth  was  interrupted 
to  heat  treat  the  sample.  These  were  done  in  the  growth  chamber. 

In  Tables  I  through  Vm,  the  RHEED  pattern  observed  is  given  by  column  6,  and  a 
one- word  qualitative  description  of  the  result  of  the  growth  experiment  is  given  in 
column  7.  Results  described  as  poly  means  that  the  epilayer  is  polyciystalline  as 
determined  by  the  RHEED  pattern  and  as  substantiated  by  x-ray  rocking  curves  whai  the 
layers  were  thick  enough.  A  rough  layer  refers  to  the  surface  morphology  of  the  layer  as 
observed  in  the  Nomarski  microscope.  A  no  epi  result  is  an  epilayer  growth  where  no 
change  in  the  RHEED  pattern  was  observed.  This  either  meant  that  the  Ga  and  As 
reevaporated  from  the  YIG  surface  at  the  high  substrate  temperature  c*r  that  a  foreign  film 
was  formed  by  chemical  reaction  with  the  YIG,  which  could  be  removed  with  buffered 
hydrofluoric  acid. 

As  Table  I  indicates,  growths  performed  at  the  normal  growth  temperature  of  S80X 
were  pdycrystalline.  Different  nucleation  procedures  were  used  in  die  process  of  these 
investigations,  which  are  also  included  in  column  S  under  surface  treatment  Note,  for 
example,  in  growth-run  number  3-1191,  the  substrate  was  exposed  to  an  As  flux  ftv 
10  min  while  at  200*’C  followed  by  a  second  10-min  As  exposure  at  400*’C.  The  second 
exposure  was  used  because  no  change  was  observed  in  the  RHEED  pattern  after  the  first 
exposure.  Apparently  neither  exposure  had  any  effect  on  the  substrate.  After  die  second 
exposure,  200  A  of  GaAs  was  grown  at  the  very  slow  rate  of  0. 1  pm/h.  At  this  point  the 
RHEED  pattern  deteriorated,  indicating  the  onset  of  polycrystalline  growth.  Subsequent 
attempts  to  obtain  crystalline  growth  at  higho-  temperatures  failed.  This  patton  was 
generally  true  for  all  growths.  If  the  initial  growth  was  polycrystalline,  a  crystalline 
structure  could  not  be  obtained  either  by  annealing  or  by  subsequent  growth  at  a  different 
temperature. 

When  growth  temperatures  above  ~  fiSO^’C  were  used,  as  described  Table  n,  the 

RHEED  patterns  indicated  that  the  films  grown  were  crystalline.  However,  the  spacing 
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between  the  RHEED  streaks  did  not  change  during  the  growth,  which  was  indicative  of  no 
growth  at  all.  When  the  surfaces  of  these  layers  were  examined  with  an  optical 
microscope,  it  was  clear  that  change  had  indeed  occurred  as  a  result  of  the  growth  process, 
and  in  fact  a  thin  film  was  observed.  However,  these  thin  crystalline  films  were  always 
highly  insulating  and  could  easily  be  etched  from  the  substrate  with  hydrofluoric  acid.  We 
concluded  that  the  films  were  not  GaAs  but  an  oxide  formed  by  a  chemical  interaction  with 
the  YIG  film.  As  Table  Ill  indicates,  attempts  to  prevent  this  interaction  by  initiating  GaAs 
growth  at  lower  substrate  temperature  always  produced  polycrystalline  frlms. 

A  number  of  different  buffer  layers  were  used  in  an  attempt  to  properly  initiate 
growth.  As  Table  IV  describes,  GaAs/InGaAs  superlattices,  an  annealed  GaAs  layer,  and 
a  LTG  GaAs  layer  were  evaluated.  Our  experiments  did  not  yield  crystalline  growth  for 
any  of  these  buffer  layers. 

Table  V  shows  the  results  of  experiments  in  which  higher  growth  rates  were  used.  In 
several  cases,  dendritic  growth  was  observed.  An  example  of  such  dendritic  growth  as 
observed  by  a  SEM  is  shown  in  Fig.  2.  Table  VI  shows  the  results  of  experiments  in 
which  the  growth  was  interrupted  at  various  points  in  the  growth  process  in  an  attempt  to 
stabilize  the  growing  surface.  Generally,  tough  or  polycrystalline  surfaces  were  obtained. 

Table  Vn  shows  the  results  of  evaluations  of  the  growth  of  Alo3Gao.7As  and 
Ino.sGao  j  As  on  YIG.  Rough  films  were  produced.  Table  VDI  shows  the  results  of  using 
Ga  or  A1  layers  to  initiate  growth.  Either  no  growth  or  rough  epi  was  observed. 

From  these  experiments  we  concluded  that  GaAs  could  not  be  grown  on  (1 1 1)- 
oriented  YIG  by  MBE,  and  that  because  of  the  neariy  identical  crystal  structures  (rf  YIG 
and  GGG,  MBE-grown  GaAs  also  could  not  be  deposited  epitaxially  on  (1 1  l)-oriented 
GGG.  Since  previous  successful  epitaxial  growths  of  ID/V  semiconductors  were  all 
obtained  on  (100)-oriented  garnet  substrates,  we  purchased  a  large  GGG  ingot  from  which 
substrates  with  different  (mentations  could  be  cut 
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Fig.  1  Schematic  representationn  of  RHEED  patterns  obtained  with  three  different  surfaces. 


Fig.  2.  SEM  micrograph  showing  dendritic  growth  of  GaAs  on  YIG. 


5.2.  Growth  ON  (IOO)-orientedGGG 

Tables  DC  and  X  describe  our  first  atten^ts  to  grow  GaAs  directly  on  (l(X))-oricntcd 
(3GG,  with  Table  X  summarizing  experiments  in  which  we  attempted  to  dope  the  films 
using  Si.  Here  again  we  were  not  able  to  obtain  single-crystal  GaAs  produce 
measurable  conductivity  in  the  films.  However,  for  nearly  all  of  the  growths,  the  final 
RHEED  patterns  were  either  rings,  spots,  or  a  combination  of  the  two.  Since  it  is  known 
that  a  rough  crystalline  surface  will  result  in  a  spotted  RHEED  pattern,  we  obtained  x-ray 
rocking  curves  from  all  layers  with  spot  patterns.  The  x-ray  rocking  curves  showed  a  clear 
dominance  of  (1 1 1)  GaAs  although  several  other  peaks  were  also  observed.  The  tendency 
toward  (111)  GaAs  growth  led  us  to  believe  that  given  a  slight  decrease  in  the  lattice 
mismatch  between  the  GaAs  and  GCKj  it  should  be  possible  to  grow  crystalline  layers. 

It  was  clear  that  a  buffer  material  was  required  between  the  GGG  and  the  GaAs.  A 
suitable  material  would  provide  a  better  match  of  coincident  lattice  sites  and  would  be 
grown  at  a  lower  substrate  temperature  to  prevent  any  possible  chemical  reaction  with  the 
GGG.  The  material  chosen  for  this  layer  was  InAs. 

The  lattice  parameter  of  InAs  is  6.059  A,  and  the  crystal  smx;ture  is  die  same  as  that 
of  GaAs.  Thus,  the  lattice-constant  mismatch  between  eveiy  second  InAs  site  to  the  GGG 
sites  is  only  2.1%.  Moreover,  the  MBE  temperatures  used  for  depositing  InAs  are 
generally  lower,  so  it  was  plausible  that  growth  could  be  initialed  at  a  sufHciendy  low 
temperature  to  prevent  chemical  interaction  with  the  GGG.  An  InAsAHaAs  strained-layer 
superlattice  ctnild  dien  be  used  to  accommodate  some  of  the  strain  existing  in  the  GaAs  due 
to  the  GaAs/InAs  lattice  mismatch. 

Table  XI  summarizes  the  growths  of  InAs  on  (100)-orientcd  GGG.  A  new  surface 
cleaning  step  was  included  at  this  time,  which  consisted  of  heating  the  GGG  substrate  in 
the  growth  chamber  to  600®C  while  exposing  it  to  an  In  flux  2  x  atoms/cm^  for 

10  min.  Since  both  the  Li  and  its  oxides  are  volatile  at  this  teDoperature,  they  will 
reevaporate  and  cleanse  the  surface  of  any  loosely  bound  oxygen.  The  nucleation  step  for 
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each  layer  consisted  of  the  growth  of  30  A  of  InAs  at  a  substrate  temperature  of  300**C.  X- 
ray  rocking  curves  were  obtained  for  each  of  these  layers  and  all  were  found  to  be 
crystalline.  Since  we  have  had  considerable  experience  growing  pseudomorphic  InGaAs 
00  GaAs,  it  was  reasonable  to  assume  that  we  would  be  able  to  grow  GaAs  on  the  InAs  if 
we  grew  a  multilayer  structure  where  each  subsequent  layer  of  InGaAs  would  have  a 
higher  Ga  concentration  and  a  layer  thickness  that  was  slightly  less  than  the  pseudomcnphic 
limit  for  single-crystal  growth  on  the  preceding  layer.  The  layers  that  were  grown  to 
achieve  this  goal  are  described  by  Table  Xn.  As  indicated  by  the  last  growth  sequence  in 
the  table,  we  succeeded  in  growing  a  1-pm-thick  layer  of  GaAs  on  an  InAs/GaAs 
superlattice.  We  have  since  successfully  repeated  this  growth  procedure  and  have  again 
obtained  single-crystal  GaAs.  E)etails  of  the  procedure  used  to  grow  single-crystal  GaAs 
on  GGG  were  published,^  and  the  report  is  provided  here  in  Appendix  C 

6.  FUTURE  APPLICATIONS 

Although  the  cost  and  size  of  GaAs  active  components  has  been  substantially  reduced 
by  monolithic  technology  developed  in  a  number  of  programs,  the  monolithic  integratim  of 
magnetic  components,  such  as  circulators,  isolators,  and  filters,  has  largely  not  been 
addressed.  The  technology  that  has  been  developed  in  this  program  offers  the  capability  oi 
fabricating  monolithic  components  that  incorporate  nonreciprocal  magnetic  materials  and 
active  GaAs  solid-state  devices.  An  example  of  such  a  component  is  a  magnetic  YIG  filter 
with  an  integral  GaAs  field-effect  transistOT  amplifier.  In  any  case,  the  next  step  in  the 
development  of  this  area  is  to  identify  the  best  application  fcH*  this  new  materials  tedinology 
and  derrwnstrate  it  in  a  useful  magnetic  component 
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lABLEl 


GROWTH  OF  GaAs  ON  (1 1 1K)RIENTED  YIG  UNDER  NORMAL  GaAs  GROWTH  CXMTOITKWS 


RUN 

NO. 

GROWTH 

TEMP. 

GROWTH 

TIME 

(min) 

GROWTH 

RATE 

_  (im/h) 

SURFACE 

TREATMENT 

RHEED 

PATTERN 

RESULTS 

3-1191 

1000*C-lh 

streaks 

850^-10  min 

sneaks 

200^As-10min 

stress 

400®CyAs-10min 

sneaks 

200 

0.1 

2(X)  AG&As 

faint  rings 

630 

10 

0.1 

GaAs 

rings 

25 

1.0 

GaAs 

rings 

poly 

3-1201 

800*C-10  min 

streaks 

350*<VAs 

streaks 

400-580^As 

streaks 

S80 

30 

1.0 

GaAs 

rings 

poly 

TABLE n 

GROWTH  OFGaAs  ON  (1  ll)-ORIENTED  YIG  USING  HIGHER  GROWTH  TCMPERATURE 


RUN  GROWTH  GROWTH  GROWTH  SURFACE  RHEED  RESULTS 

NO.  TEMP.  TIME  RATE  TREATMENT  PATTERN 


IS 


lABLEiS 

GROWTH  OF  GaAs  ON  (1 1  l)-ORIENTED  YIG  USING  LOWER  GROWTH  TEMPERATURE 
RUN  GROWTH  GROWTH  GROWTH  SURFACE  RHEED  RESULTS 


NO. 

TEMP. 

TIME 

RATE 

TREATMENT 

PATTERN 

3-1269 

550 

12 

0.1 

degrease,  eich 

stannm 

endfun 

streaks 
faint  SDOts 

roujdi 

3-1270 

500 

12 

0.1 

degrease,  etch 
600®C-10  min 
start  mn 
endnm 

streaks 

streaks 

rings 

poly 

3-1271 

550 

12 

0.1 

degrease,  etch 
650^-10  min 
GaAs  at  start 

streaks 

streaks 

run 

GaAs  at  end  run 

faint  SDOIS 

lAgLElY 

GROWTH  OF  GaAs  ON  (1 1 1K)RIENTED  YIG  USING  VARIOUS  BUFFER  LAYERS 


RUN 

GROWTH 

GROWTH 

GROWTH 

SURFACE 

RHEED 

RESULTS 

NO. 

TEMP. 

TIME 

RATE 

TREATMENT 

PATTERN 

(min) 

3-1274 

degrease,  etch 

550 

1 

GaA$/InGaA»- 

SL* 

50A/50A- 

streaks 

10  periods 

550 

10 

1 

GaAs 

streaks 

550 

30 

1 

GaAs 

rings 

poly 

3-1285 

Preclean 

550 

0.1 

GaAs/InGaAs-SL 

streaks 

50A/50A- 

streaks 

10  periods 

550 

960 

0.1 

after  5000A 

faint  rings 

GaAs 

end  run 

rings 

poly 

3-1289 

degrease,  eicfa 

550 

0.1 

lOOXOaAt 

streaks 

1 

GaAs/InGaAs-SL 

550 

20 

1 

GaAs 

rings 

3-1294 

degrease,  eich 

600 

0.1 

200AGaAs 

anneal  600*C-1  h 

sireaksf 

spots 

240 

0.1 

GaAs 

spots 

aendmes 

3-1351 

degrease,  etch 

680 

5 

1 

GaAs 

streaks 

680 

6 

1 

GaAs 

streaks 

550 

5 

1 

GaAs 

rings 

200 

120 

1 

LTGGaAs 

rings 

30 

1 

GaAs 

JBlZ _ 

*SuperIaitice. 
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TABLE V 

GROWTH  OFOaAs  (111H)RIEN7ED  YIG  USING  HIGHER  GROWTH  RATES 


RUN 

NO. 

GROWTH 

TEMP. 

CQ 

GROWTH 

TIME 

GROWTH 

RATE 

(um/h) 

SURFACE 

‘mEATMENT 

RHEED 

PATTERN 

RESULTS 

3-1307 

d^rease.eich 

600 

0.5 

0.3 

GaAs 

faint 

42 

GaAs 

spots 

dendrites 

3-1308 

d^rease.eich 

600 

0.5 

0.5 

GaAs 

faint 

streaks 

0.5 

GaAs 

spots 

dendrites 

3-1310 

degrease,  eich 

600 

10 

GaAs 

600 

120 

0.5 

GaAs 

rings 

streaks 

noepi 

table  VI 

GROWTOOFGaAs  ON  (lll)-ORIENTED  YIG  USING  INTERRUPTED  GROWTH 

RUN  GROWTH  GROWTH  GROWTH  SURFACE  RHEED  RESULTS 

NO.  TEMP.  TIME  RATE  TREATMENT  PATTERN 


'mini 


3-1312 

600 

600 

600 

10 

120 

1 

1 

1 

degrease,  eich 
G^ 

GaAs  intemipt- 
6  min  on/ 

1  min  off 
GaAs 

anneal/ho  As 

streaks 

ring 

rings 

no  PL.* 
rough 

3-1315 

degrease,  etch 

600 

10 

1 

G^ 

streaks 

600 

240 

1 

GaAs  interrupt- 

1  min  on/ 

1  min  off 

Scycles 

no  rings 

20i^les-on/ 

rings 

off 

00  rings 

60cycles-on/ 

rings 

off 

no  rings 

82cycles-on/ 

rinp 

off 

rings 

13Scyc1es-on/ 

f«gs 

off 

rings 

anneal-5  min 

rings 

anneal-1  h 

rough 

3-1322 

d^rea9e,etch 

650 

50 

1 

GaAs 

streaks 

620 

3 

1 

GaAs 

streaks 

62(PCanieal- 

streaks 

2aBia 

630 

3 

1 

GaAs 

streaks 

620^an)eal- 

streaks 

2  mm 

640 

1 

3  min  00/ 

tings 

pdy 

2mm  off 

TABLE  Vn 

GROWTH  OF  Alo  jGao.7As  AND  I110.5Ga0.5As  ON  (1 1  l)-ORIENTED  YIO 
RUN  GROWTH  GROWTH  GROWTH  SURFACE  RHEED  RESULTS 


NO. 

TEMP. 

CQ 

TIME 

(min) 

RATE 

frun/h) 

TREATMENT 

PATTERN 

3-1323 

d%rea9e,eich 

680 

7 

1 

GaAs 

streaks 

680 

120 

GaAs 

streaks 

680 

0.25 

1 

none 

rough 

3-1324 

d^ea9e.etch 

680 

5 

GaAs 

streaks 

680 

5 

1 

GaAs 

streaks 

680 

0.1 

1 

fiunt 

endnin 

none 

rough 

3-1326 

degrease,  eich 

680 

5 

1 

GaAs 

streds 

680 

0.1 

1 

M).3Gao.7^ 

faint 

5 

1 

GaAs 

none 

rough 

3-1343 

degrease,  eich 

680 

5 

1 

C^iAs 

streaks 

SSO 

6 

1 

none 

rough 

TABLE  Vffl 

GROWTH  OF  GaAs  ON  (1 1  l)-ORIENTCD  YIG  USING  INITIAL  Ga  OR  AI  LAYERS 


RUN  GROWTH  GROWTH  GROWTH  SURFACE  RHEED  RESULTS 

NO.  TEMP.  TIME  RATE  TREATMENT  PATTERN 


3-1336 

680 

680 

5 

120 

1 

1 

degrease,  etch 
GaAs 

Ga-3  sAio  As 
GaAs 

anncal-60(m 
no  As 

streaks 

faint 

rings 

streaks 

noepi 

3-1337 

degrease,  etch 

680 

5 

1 

GaAs 

streaks 

Ga-3  s/no  As 

faint 

680 

25 

1 

GaAs 

rinas 

3-1342 

degrease,  etch 

680 

5 

1 

GaAs 

streaks 

Al-3  s/ho  As 

fiunt 

680 

2 

1 

GaAs 

25 

1 

GaAs 

rings 

rough 
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TABLE  IX 


GROWTH  OF  GaAs  ON  (100>-ORIENTED  GGG 


RUN 

NO. 

GROWTH 

TEMP. 

CO 

GROWTH 

TIME 

GROWTH 

RATE 

SURFACE 

TREATMENT 

RHEED 

PATTERN 

RESULTS 

3-1368 

degrease,  eich 

680 

5 

GaAs 

streaks 

680 

50 

1 

GaAs 

streaks 

end  run 

streaks 

rough 

3-1378 

degrease,  etch 

680 

5 

1 

GaAs 

streaks 

590 

105 

1 

end  run 

poly 

3-1381 

degrease,  etch 

700“C-5  min/As 

streaks 

800°C-S  min/As 

streaks 

800“C-2s/Ga 

streaks 

580 

1 

1 

GaAs 

.ings 

700®C/As 

spots/iings 

675 

2 

1 

G3u\i 

650 

2 

1 

GaAs 

rings/qxrts 

650 

120 

spots/lines 

poly 

3-1383 

d^reasc,eich 

7CiO®C-^in/As 

streaks 

400 

60 

1 

GaAs 

rings 

600 

240 

1 

GaAs 

spob/rings 

end  tun 

spots/lines 

roagh 

3-1387 

degrease,  etch 

700^-5  mia/As 

streaks 

1 

3 

1 

lines 

400 

60 

1 

GaAs 

rings 

580 

132 

1 

GaAs 

rings 

end  ran 

ruiKS 
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TABLE X 


DOPED  GROWTH  OF  GaAs  ON  (100)-ORIENTED  GGO 


RUN 

NO. 

GROWTH 

TEMP. 

GROWTH 

TIME 

GROWTH 

RATE 

SURFACE 

TREATMENT 

RHEED 

PATTERN 

RESULTS 

3-1438 

degrease,  etch 

5  min  DI  water 

streaks 

600 

150 

1 

GaAs 

rings 

insulating 

3-1439 

580 

240 

1 

degrease,  etch 
700X-5  min/As 
200^*0-15  min/As 
after  1  h 
end  run 

streaks 

lines 

spots/rings 

spots/Hngs 

insulating 

3-1450 

600 

600 

60 

660 

0.1 

0.3 

degrease,  etch 
6M®C-5  mii\/As 
GaAs 

GaAs  after 

10  min 

streaks 

lines 

qx)ts 

end  run 

K-!'r».t^<TnT7M 

poly 

3-1456 

600 

30 

0.3 

GaAs 

600*C-2h/As 

rings/q^ 

rings/spols 

.po>y _ 

TABLE  XI 


GROWTH  OF  InAs  ON  (KXQ-ORIENTCD  GGG 


GROWTH 

TEMP. 

CQ 

LAYER 

THICKNESS 

(A) 

RHEED 

PATTERN 

CARRIER 

CONCENTRATION 

(cm-3) 

300  K  ^  77  K 

CARRIER 
MOBIUTY 
(cm^/V  s) 

300K  77  K 

300 

450 

30 

10.000 

1.4  xlO'*^  1.4x10*'^ 

2376 

2441 

300 

30 

faint 

400 

10.000 

lines/sDOts 

3.6x10*“^  2.9x10*7 

1337 

1453 

300 

30 

faint 

350 

10.000 

lines/sDOts 

6.8  X  10*7  6.0  X  10*7 

997 

1079 

300 

30 

faint 

350 

7500 

400 

2500 

linesAings 

500 

faint  lines 

4  X  10*7  37  X  10*7 

2034 

2182 

300 

30 

faint 

350 

2500 

42S 

2500 

linesAings 

3.7x10*7  33x10*7 

1317 

1375 

500 

20.000 

lines 

300 

30 

faint 

500 

30.000 

none  visible 

6.5X10*®  6.9x10*® 

2966 

i 

I 
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TABLE  Xn 

GROWTH  OF  SINGLE-CRYSTAL  GaAs  ON  (100)-ORIENTCD  GGG  USING  SUPERLAITICE 


GROWTH  LAYER  LAYER  RHEED  CARRIER  CARRIER 

TEMP  TYPE  THICKNESS  PATTERN  CONCENTRATIW  MOBILITY 
(*Q  (lun)  (cm*^  (cm^V  s) 


300  K  77K  300K  77  K 


300 

InAs 

1.25 

1.8  X  10l» 

1.2xl0^» 

913 

958  1 

325 

InAs 

1.0 

1.0x  10*» 

ESmii 

400 

InAs 

1.2 

sharp  lines 

6.9  X  lO*"^ 

Baum 

450 

InAs 

1.0 

EESQIi 

400 

InAs 

1.0 

sharp  lines 

400 

biAs 

2.0 

sharp  lines 

400 

50  A  InAs/ 

0.5 

lines 

50  A  GaAs 

superlattice 

no  Hall  data 

580 

GaAs 

1.0 

lines 

x-iay  shows  sinKle-crystal  InAs  and  GaAs  1 

* 
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APPENDIX  A 


Tunable  Magnetostatic-Wave  Oscillator  Employing  a  Single  GaAs  MMIC  Chip 
C.L.  Chen  and  LJ.  Mahoney,  Electronics  Letters  25, 196  (1989) 


This  paper  describes  the  hybrid  integration  a  single  GaAs  monddthic  amplifier 
with  a  YIG  delay  line.  The  circuit  is  that  of  a  single-mode  magnetostatic  surface-wave 
delay-line  oscillator  that  can  be  tuned  continuously  from  4.82  to  6.39  GHz  without 
frequency  jumping  and  without  the  requirement  of  a  directional  coupler.  The  circuit 
delivered  an  output  power  of  4.4  dBm  at  6.1  GHz  with  a  phase  noise  of -100  dBcAlz  at 
10  kHz  away  from  the  oscillation  frequency. 
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TUNABLE  MAGNETOSTATIC-WAVE 
OSCILLATOR  EMPLOYING  A  SINGLE  GaAs 
MMIC  CHIP 


Initxing  Itrms:  Microwam  Jnices  anJ  componmli.  Micro- 
want  oscillalors,  Majntioaasic  wants,  InItgraltA  circuits 

A  microwave  tunable  magnetostatic  surface-wave  delay-line 
oscillator  which  employs  a  single  GaAs  monolithic  amplilier 
chip  in  the  feedback  loop  has  been  developed.  No  directional 
couplet  is  needed,  and  a  imgle-mode  oscillation  can  be  tuned 
continuously  from  412  to  (i'39CHl  without  fre<)ueney 
^mping  At  d'l  CHa  aneutput  power  of  4-4  dBm  was  otea- 
sured  with  a  phase  noae  of  -  lOOdBc/Ht  at  lOkHt  olTsci 
from  the  otciflalion  frequency. 


InirodiKtion:  Magnetoslalk  tarfaoe-wave  (MSSW)  delay  lines 
have  been  used  in  mkrowsve  tmable  oscillalors.''*  Tbe  use  of 
esternal  amplifiers  and  directiooal  couplers  in  these  oscillators 
results  in  physically  large  convonents  with  long  esternal  elec¬ 
trical  delays  that  cause  frequent  frequency  jumping  during 
tuning.  We  have  previously  nporied  on  an  MSSW  delay-Kne 
oscillator,  using  multiple  GaAs  'monolithic-microwave- 
integrated-circuit  (MMIC)  daps,  which  avoids  Ihe  use  of  an 
external  direction^  coupler  ia  tbe  feedback  loop.*  This  design 
utilised  planar  technology  in  both  tbe  MSSW  devices  and  (be 
GaAs  MMICs.  However,  this  osdilator  had  nanow  tunabk 
range  and  multimode  oscillatitm.  This  letter  describes  a  new 
MSSW  oscillator  using  a  single  GaAs  monolithic  ampliScr 
chip  which  displays  single-mode  oscillalion  over  a  wide  fre¬ 
quency  range. 

Oscillator  design  and  fabrication:  Fig  I  shows  Ihe  Khemalic 
diagram  of  Ihe  oscillator  and  a  photograph  of  the  GaAs  chip. 
The  GaAs  circuit  consists  of  a  three-stage  ampliSer  which 
provides  Ihe  gain  needed  in  the  feedback  loop.  Tbe  output 
and  the  input  of  Ihe  amplifia  are  connected  to  four-finger 
narrowband  transducers  for  Ihe  MSSW  delay  line.  These 
multiple-finger  transducers  are  used  in  order  to  realise  single- 
mode  oscillation.  Each  finger  is  2  mm  long  and  25  pm  wide 
with  25pm  spacings  between  ingers;  Ihe  distance  between  the 
narrowtend  transducers  is  2-5mm.  The  oscillalor  signal  is 
coupled  to  Ihe  gate  of  an  output  MESFET  with  a  single-finger 
transducer  and  Ihe  output  is  obtained  from  the  drain  of  this 
MESFET.  This  single-finger  feansducer  b  50pm  wide  and  b 
positioned  at  I  mm  from  the  narrowband  transducer  of  the 
delay  line.  The  gate  length  and  width  for  all  tbe  GaAs 
MESFETs  are  l  ^pm  and  Mfm,  respectively.  Silicon  nitride 
capacitors  are  us^  belweea  stages  for  DC  blocking  and 
microstrip  lines  are  used  for  mip^anoe  matching  The  chip 
size  is  5mm  x  3-5mm. 


(CGC)  substrate  with  lOOpm-ihick  yttiium  iion  garnet 
(YIG)  film  is  placed  on  lop  of  the  transducers.  A  250pm  gap 
between  the  YIG  film  and  the  transducers  u  provided  by 
alumina  substrates  lupportng  the  GGG  substrate.  Esiernd 
chip  capadtors  arc  used  for  DC  bypau  but  no  bondwites  or 
external  components  arc  needed  in  the  microwave  path. 

tconvOucers 


a  auij 


Fig  I  MSSW  dthf  Unt  oseilfttars  using  slnglt  GaAs  dig 
a  Schematic  diagram  of  oscSaior 
h  Photograph  of  GaAs  MMIC  chip 

Experimental  rrsufts.-  A  magnetic  field  parallel  to  the  YIG  film 
and  perpendicular  to  the  dvection  of  MSSW  propagation  b 
applied  by  an  eleclromagncL  Fig  2  shows  the  output  of  the 
oscillalor,  measured  by  a  spectrum  analyser.  Tbe  osdBatioa 
frequcncy-b  5-54GHz  with  a  magnclb  field  of  I244G  The 
drain  biases  for  the  feedback  and  output  ampiificn  arc  >2V 
and  2-6  V.  respectively.  The  ^rectruro  shows  a  very  low  phase 
noise,  -  lOOdBc/Hz  at  lOUb  ofTset,  which  compares  bvotir- 
ably  with  YIG-sphcrc  oscflatori.*  The  osdUalor  maintains 
thb  low  phase  nobc  for  the  entire  tuning  range. 

The  osdilalioa  has  a  sia^  mode  and  tbe  frequency  can  be 
tuned  ooniinuonsty  from  4-82CHX  (I030G)  to  <i-39GHz 


Fig  2  ttrasured  asrHatar  emtfts  using  iptclrum  onMjser 


26a  Oscillalion  frequency  •  5  539GHz.  frequency  span  •  TOOkHc 


(I5f  I  O).  Tkc  otdllation  frequency  chtn|e«  lincerty  with  tht 
applied  ma|ne(ic  6cld,  al  the  rate  of  2  96MH(/G.  No  fre¬ 
quency  jumpini  tt  obaervcd  foe  the  entire  I  57GHi  tunabk 
range  taKauK  the  monolithic  integration  of  the  feedback 
amplifier  oa  a  single  GaAi  chip,  and  the  elimination  of  the 
directional  coupler,  give  rise  to  eatremely  short  eitemal  elec¬ 
trical  delayi  In  contrast,  all  previously  reported  designs  have 
used  hybrid  integration  and  external  directional  couplers.  The 
frequency  discontinuity  for  these  oscillators  can  occur  as  fre¬ 
quently  u  every  l20MHi  of  tuning.*  It  appears  that  the 
upper  oscillalion  frequency  is  limited  by  the  lack  of  gain  in  the 
fMdback  amplifier.  The  maximum  output  power  of  the  oscil¬ 
lator  is  dddBm  al  61GHz.  The  output  power  may  be 
increased  with  proper  matching  circuits  to  the  output 
MESFET. 

When  the  DC  biases  desenbed  above  are  applied  to  the 
MESFETs,  multiple-mode  oscillalion  occure  at  frequencies 
below  4-8  GHz.  Al  these  lower  frequencies  the  feedback  ampli¬ 
fier  has  higher  gain  and  the  MSSW  delay  line  has  wider  pass- 
band.*  Consequently,  the  phase  and  gain  requirerrrents  for 
oscillation  are  satisfied  at  more  than  one  frequency  at  any 
magnetic  held.  Although  the  higher-mode  oscillations  can  be 
suppressed  by  reducing  the  gain  of  the  feedback  amplifier,  the 
tunable  frequency  range  is  reduced  as  well.  At  a  lower  bias  of 
2  1V,  the  lower  gain  of  the  amplifier  results  in  single-mode 
oscillation  that  can  be  tuned  continuously  from  2  97  GHz 
(36SG)  to  4  SI  GHz  (950G),  a  tunable  range  of  I  54  GHz.  The 
upper  frequency  can  be  inaeased  from  4-51  GHz  to  4  80GHz 
with  higher  magnetic  field  if  the  DC  bias  is  adjusted  al  each 
magnetic  field  to  maintain  a  single-mode  oscillation.  When  the 
magnetic  field  is  further  increased  the  circuit  ceases  to  oscil¬ 
late.  However,  the  oscillatioa  resurtxes  al  4826GHz  and 
single-mode  oscillation  can  be  maintained  up  to  6-39GHz  as 
described  above. 

Conclusion:  We  have,  for  the  first  lime,  developed  a  micro¬ 
wave  tunabk  osdllator  using  only  a  single  YIG/CGC  MSSW 


delay  line  and  a  single  GaAs  MMIC  chip.  Because  the  output 
of  the  oscillator  is  taken  directly  from  an  amplifier  oa  the 
GaAs  chip,  rto  directional  coupler  or  external  feedback  drexxit 
it  needed.  At  a  result,  the  size  and  external  electrical  delay  of 
the  osdllator  are  much  smaller  than  any  previously- reported 
oscillator  using  magnelostalic-wtve  delay  linea.  The  osciOatof 
hat  very  wide  tunable  rtnge  and  low  phase  noise.  Single mode 
oscillation  can  be  achieved  from  2  97 GHz  to  6-39 GHz  with 
only  a  small  discontinuity  at  4  8  GHz.  The  tunable  frequency 
range  it  Kmited  by  the  bandwidth  of  the  feedback  ampbfier. 
This  tunable  oscillatot  may  be  operabk  above  20 GHz  by 
using  a  wideband  GaAs  feedback  amplifier. 
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NEURAL  NETWORK  CAPACITY  USING 
DELTA  RULE 


Indexing  terms:  Netral  networks.  Memories,  Networks, 
Associatiat  memory,  Coniero -addressable  mmory.  Artificial 
InleSIgence,  CayacUy 

h  ia  shown  that  modif'^g  the  Hopfield  neural  aelwort 
modd  to  uae  the  della  lok  rather  than  the  Hebbian  ruk 
subtxaiiliaBy  iacrcaset  the  capadly.  The  Dumber  of  palteraa 
one  can  store  ia  a  neural  network  of  N  neurons  is  actually 
greater  than  N  (unksa  N  it  very  siDallk  For  example,  fer 
N  -  30,  oec  can  store  40  patterns  with  a  suooesi  rale  of  doae 
lo90%. 


Inirodueiion:  Over  the  past  several  years,  several  papen  have 
been  publisbed  on  the  capadly  of  neural  networks.  Hopfield, 
in  his  landmark  paper,'  preyed  expcriiTKnially  that  the 
number  of  patterns  that  one  couM  store  in  a  neural  network 
of  N  neurons  is  approximately  0-ISAf.  Oihcra’  have  shown 
that  the  capacity  of  the  Hopfield  model  is  of  the  order  of 
N/tog  N  assuming  that  the  Hebbian  ruk  b  used  to  delemiine 
IIm  weight  matrix  T.  The  number  of  patterns  one  can  store  ia 
a  neural  network  can  be  greatly  increased  by  using  other 
learning  al^lbma  such  as  the  della  ruk.  Abu-Moslafa  and 
Si.  Jaoque^  indicated  that  the  aumber  of  arbitrary  patterns 
that  one  caa  store  ia  Hopfield  network  of  N  neuroitt  b 
bounded  above  by  N  regardless  of  the  iiMlhod  of  obtaining 
the  weight  nMlrix.  Tbdr  definition  of  capadty  iti  b  that  every 
set  of  m  patterns  that  one  wbbes  to  store  has  aa  assodaied 
zero-diagortal  weiglM  matru  T  (and  threshold  vector  l)  such 
that  each  palkm  b  a  fixed  point  We  show  lhal.  svith  the  delta 
rule,  the  capadly  b  actual^  greater  than  N  (except  for  small 
VI  Our  definilion  of  canxdiv  m  «  that  one  ran  almo«i  alu  avt 


Stored  k  a  neural  network  that  docs  not  allow  direct  self¬ 
feedback,  and  show  bow  to  recognise  such  sett  of  patterns. 

Recogrdsittg  sals  of  patterns  that  cannot  be  stored:  We  have 
previouily  shown  that  if  two  patterns  differ  by  only  one  bit 
they  cannot  be  stored  simultaneously  in  a  neural  network  that 
does  D0<  allow  direct  self-feedback.*  Let  the  calculation  of  the 
neat  stale  of  neuron  I  be  u  follows; 

(1) 

jet 


If  two  patterns  difler  in  the  Ah  bit  only,  the  cakulation  of  X| 
win  be  identical  regardless  of  which  of  those  two  patterns  b 
applied  to  the  networL  IT  one  of  the  two  patterns  b  a  stabk 
state,  the  other  will  have  as  a  next  stale  lhal  tame  stabk  stale. 
By  s  similar  argument,  if  two  patlems  difler  ia  Af  —  1  bits, 
they  cannot  (usually)  be  stored  simultaneously.  In  thb  case,  let 
bit  I  be  the  only  bit  in  which  the  two  patterns  match.  If 
application  of  one  pattern  to  the  net  produces  x^,  application 
of  the  other  paiiem  will  produce  —Xy.  Only  if  z]  ••  0  can  both 
patterns  be  stored  simultaneously.  Note  that,  as  N  iixcreasca, 
the  Gkelibood  that  two  patterns  difler  by  1  or  by  Af  —  I  biU 
decreases  exponentially. 

Snoe,  for  any  neural  network  with  zero-diagonal  wdgbt 
matrix,  ffiere  cxbtt  pairs  of  paltems  that  cannot  be  stored 
rimidtaneously.  the  definilioa  of  capacity  used  by  Abu- 
Moslafa  snd  St  Jacques  must  be  revis^  We  can  only  speak 
in  terms  of  storing  randomly  chosen  patterns  with  a  oertaia 
probabiBly. 

Teitt:  Several  tests  were  run  to  estimate  cxperiroenlally  the 

capadly  of  the  neural  network  model  describ^  by  cqns.  I  and 

^  _ _ •- 


APPENDIX  B 


Oscillators  Using  Magnetostatic-Wave  Active  Tapped  Delay  Lines 
CL.  Chen,  A.  Chu,  L.J.  Mahoney,  W.E.  Courtney,  R.A.  Murphy,  and  J.C.  Sethares 
IEEE  Transactions  on  Microwave  Theory  and  Techniques  37, 239  (1989) 


This  paper  is  another  example  of  the  hybrid  integration  of  a  microwave  GaAs  circuit 
with  a  YIG  delay  line  tapped  at  five  different  points.  The  circuit  fcams  an  osdllator  with  an 
extremely  short  external  delay  loop  and  the  taps  provide  multiple  outputs  with  long  time 
delays.  The  oscillator  is  tunable  from  2.76  to  2.95  GHz  with  a  3-dB  bandwidth  of 
10  kHz. 
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Oscillators  Using  Magnetostatic-Wave 
Active  Tapped  Delay  Lines 

CHANG-LEE  CHEN,  member,  ieee,  ALEJANDRO  CHU,  LEONARD  J.  MAHONEY. 

WILLIAM  E  COURTNEY,  senior  member,  ieee,  R.  ALLEN  MURPHY,  member,  ieee, 

AND  JAMES  C.  SETHARES,  senior  member,  ieee 


Ahttnci  —  A  novel  osdlblor  llul  aMobinei  •  magmtoslttic  wtvc  (MSW) 
lapped  delay  line  with  CtAs  monolilfclc  micromte  Inlegnled  dmiils 
(MMICs)  has  been  fabricated.  This  oscillator  Incoqnrates  an  external 
feedback  hx>p  which  is  extremdy  short  and  prorides  nultiple  outputs 
delayed  in  lime  by  the  MSW  delay  Gne.  The  osciDator  is  tunable  from  Z7d 
to  Z.9S  GHi  and  the  SdB  bandiridth  of  the  osciBalion  is  approxiautely 
10  kHz. 

1.  Introduction 

Devices  based  on  the  propagation  of  magnetostatic 
waves  (MSW's)  have  the  potential  of  performing 
signal  processing  at  microwave  frequencies,  a  frequency 
range  where  surface  acoustic  wave  devices  do  not  operate 
(!].  MSW  delay  lines  provide  useful  time  delays  up  to 
approximately  20  GHe,  and  because  they  are  planar  they 
can  be  integrated  with  other  components,  such  as  GaAs 
monolithic  microwave  integrated  circuits  (MMICsX  In 
particular,  a  tunable  oscillator  using  MSW  delay  lines  is 
attractive  because  of  its  simple  structure,  superior  (rfiase- 
noise  characteristics  (2),  and  large  tunable  bandwidth. 
Tunable  osciDators  using  MSW  delay  lines,  external  ampli¬ 
fiers,  and  directional  couplers  have  been  reported  13],  (4]. 
However,  undesirable  frequency  jumping  was  observed 
within  the  frequency  tuning  range  because  of  the  electrical 
length  of  the  feedback  loop. 

We  have  developed  a  novel  tunable  oscillator  that  inte¬ 
grates  MESFET  ampliners  and  MSW  transducers  on  a 
single  GaAs  chip.  An  active  tapped  delay  line  was  realized 
using  Tive  GaAs  MMIC  chips  and  one  {^ium  gadolinium 
garnet  (GGG)  substrate  wi^  an  epitaxially  grown  yttrium 
ion  garnet  (YIG)  film  to  support  MSW  propagatioo.  An 
oscillator  was  formed  by  coupling  the  signal  from  the  Hrst 
tap  to  the  input  ampIiHer  of  the  delay  line.  The  additional 
delay-line  taps  provide  time-delayed  outputs  of  the  oscilla¬ 
tor.  Because  monobthic-circuit  chips  were  used  and  no 
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Fig.  1.  Schcouiic  diay'am  of  the  osciHaior  usinf  an  active  tapped  delay 

Gne. 


directional  coupler  is  required,  the  oscillator  is  compact 
and  the  feedback  loop  is  short.  The  time  delay  of  the 
multiple  outputs  b  determined  by  the  spacing  betweea 
taps  and  by  the  applied  magnetic  Tieid.  In  this  work  «e 
present  a  new  approach  to  Uie  fabrication  of  a  tunable 
MSW  oscillator  and  also  demonstrate  the  feasibility  of 
integrating  MSW  devices  with  GaAs  M.MlCs. 

II.  Oscillator  Design  and  Fabrication 

The  schematic  diagram  of  the  oscillalor  b  shown  in  Fig 
1.  The  active  lapped  delay  line  was  constructed  using  an 
input  GaAs  chip  incorporating  the  input  ampUrier  and 
output  dreuiuy  for  the  feedback  tap  (Up  1)  and  four  other 
GaAs  chips  incorporating  only  the  output  drcuitiy  for  the 
oscillator  outputs  (Ups  2-S).  The  circuit  diagram  and  a 
photograph  of  iJie  completed  GaAs  MMIC  chip  are  shown 
in  Fig.  2(a)  and  (bX  respectively.  The  design  and  fabrica¬ 
tion  of  tlte  input  amplifier  have  been  previously  reported 
(S).  The  input  circuitry  consists  of  a  SOO-pm-wide  MES¬ 
FET  (FET  3)  with  a  distributed  matching  network  con¬ 
nected  to  iu  gate  and  the  input  MSW  transducer  con¬ 
nected  to  iu  drain.  This  circuit  provides  convenient 
impedance  matching  to  the  MSW  dday  line  and  produces 
amplification  of  die  input  signal.  The  output  transducer  of 
the  delay  line  b  connected  to  the  gale  of  FET  1  and  gain 
modulation  b  provided  by  a  shunting  MESFET  (FET  2X 
whid)  b  used  as  a  variable  resbtor.  The  spacing  between 
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I  5  M'.i  .iiffJ  luiubtr  o(  ilif  nv  ill.iinr  u^ing  a  s|x>iiiim  diiAlyift  A  nuuinum  hold  ffalurr,  »hi((i  'i-'ics  ihr 

yir4!'  \l  liii-.i.uird  al  fi  h  frrijufiiiy  aa  (tir  magnetic  field  l^  iiKfe.i'ed.  n  used  to  shco>  the  I'vinjlidn  firm;,  lo  '  '  '’fc' 
(a)  Tap  2  (1>)  Tap  4 
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llic  I'tHpiH  gain  .ii  c.uh  tap  of  the  delay  line  earn  be 
vaiicil  by  changing  the  itrain  source  resistance  of  FHT  2 
or  the  bias  applied  to  the  drain  of  f-KF  1.  When  a  signal 
was  applied  to  the  input  ainplincr  with  the  feedback  loop 
disconnected,  a  maximum  gain  of  3.5  dB  was  measured  at 
the  first  tap  of  the  delay  line  at  2.5  GMz.  The  measurement 
was  performed  with  200  G  of  applied  magnetic  field. 
Therefore.  GaAs  Ml'.SKETs  provided  the  net  gain  needed 
to  sustain  the  oscillation.  More  than  12  dB  of  g.iin  varia¬ 
tion  was  achieved  by  changing  the  drain  bias  of  FET  1 
from  3  to  0.2  V.  At  the  same  frequency  an  aver.ige  time 
delay  of  7  8  ns  between  each  tap  was  measured,  and  as 
cxpccitxl,  did  not  change  with  the  bias  applied  to  the  drain 
of  the  output  I  F. I. 

Bee  ause  all  the  components  arc  assembled  inside  a  small 
package  and  no  directional  coupler  is  used,  the  electrical 
length  of  the  feedback  loop  is  extremely  short  From 
measured  amplifier  data,  this  external  electrical  delay  is 
estimated  to  be  0.1  ns,  which  is  approximately  1  percent  of 
the  total  time  delay  of  the  MSW  delay  line.  For  compari¬ 
son,  the  cxtcm.ll  delay  was  approximately  between  10  and 
20  percent  of  the  total  time  delay  in  a  previously  reported 
work  (4)  in  which  an  exlcrnal  amplifier  and  a  directional 
coupler  were  used. 

The  outputs  of  the  oscillator  were  obtained  from  laps  2 
through  5.  The  phase  difference  between  these  outputs  is 
determined  by  the  prop.tgaiion  delay  of  the  MSW  between 
the  taps.  Fig  4  shows  the  oscillator  output  taken  from  tap 
2.  Two  oscillation  modes  arc  observed,  separated  by  ap- 
proxitiialely  100  MM/,  These  two  modes  exist  because  the 
single  line  wide  band  transducers  which  were  used  do  not 
provide  adequate  frequency  discrimination.  The  measured 
output  power  r>f  the  oscillation  at  2.78  GIli’  is  —42.1  dBm 
and  the  3  dB  bandwidth  is  approximately  10  kHz,  demon¬ 
strating  that  this  is  a  high-^  oscillator.  The  frequency  of 


the  oscillator  can  he  tuned  continuously  from  2.76  to  2.95 
(JH/.  by  changing  the  applied  m.ignctic  field  from  210  to 
280  G.  No  frequency  jumping  was  observed  and  we  believe 
that  this  oscillator  can  operate  over  a  iiuich  wider  fre¬ 
quency  range  without  frequency  jumping  because  of  the 
short  length  of  the  external  circuit  Tlie  current  tuning 
range  of  190  Mlh  was  limited  by  the  gain  and  bandwidth 
of  the  amplifiers  in  the  feedback  draiit.  By  reducing  the 
gain  from  the  first  lap,  the  second  oscillation  can  be 
suppressed  and  a  single-mode  oscillator  can  be  created  at 
the  expense  of  a  smaller  tunable  range. 

Spectrum  analyzer  displays  in  Fig.  5(a)  and  (b)  show  the 
measured  outputs  from  laps  2  and  4,  respectively,  as  the 
magnetic  field  varies  from  210  to  280  G.  Notice  that 
the  tunable  range  of  the  two  taps  is  nearly  identical,  while 
the  average  output  power  from  tap  4  is  approximately 
14  dB  lower  than  that  from  lap  1  This  attenuation  is 
estimated  to  arise  from  the  nonuniformity  of  the  m.igRetic 
field  (  ~8  dB),  the  power  coupled  to  tap  3  which  lies 
between  taps  2  and  4  ( -  2  dB),  and  the  propagation  loss 
of  the  4-mm-Iong  MSW  delay  line  between  taps  2  and  4 
(  -  4  dB). 

IV.  CoNcmsioNs 

We  have,  for  the  first  time,  fabricated  a  G.iAs  MMIC 
designed  specifically  for  use  with  MSW  devices  .xnd 
demon  St  ra  It'd  that  the  performance  of  MSW  devices  can 
be  greatly  improved  by  integrating  them  with  GaAs 
MMICs.  This  new  combination  of  MSW  devices  and 
GaAs  MMICs  has  been  used  to  constnici  a  five-tap  MSW 
active  delay  line  and  to  realize  a  novel  MSW  delay-line 
oscillator  by  feeding  the  signal  from  the  first  tap  back  to 
the  input  amplifier.  This  provides  a  h^-0  tunable  oscilla¬ 
tor  with  multiple  outputs  having  a  built-in  time  delay.  This 
unique  property  of  the  oscitlalor  may  be  very  useful  io 
phased  array  technology  |1|.  Because  of  the  use  of  OaA* 
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Molecular  Beam  Epitaxial  Growth  of  GaAs  on  Gadolinium-Gallium  Garnet 
A.R.  Calawa  and  M.J.  Manfra,  Journal  of  Electronic  Materials  19, 975  (1990) 


This  paper  describes  the  first  successful  growth  of  single-crystal  GaAs  on  GGG.  It 
also  represents  the  first  time  that  any  electrical  measurements  are  reported  in  the  growth  of 
any  III-V  compound  semiconductor  on  a  garnet  substrate. 
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Molecular  Beam  Epitaxial  Growth  of  GaAs  on  Gadolinium- 
Gallium  Garnet 

A.  R.  CALAWA  and  M.  J.  MANFRA 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington,  MA  02173*9108 

Single-crystal  GaAs  has  been  grown  by  molecular  beam  epitaxy  on  Gd3Ga50i2  (GGGl 
using  an  InAs  buffer  layer  and  an  InAs/GaAs  multilayer  structure  between  the  GGG 
and  the  GaAs.  The  x-ray  difiraction  spectrum  shows  that  both  the  InAs  and  GaAs  ep¬ 
itaxial  layers  are  orient^  in  the  (111)  direction  when  grown  on  a  (100)  GGG  substrate. 

The  unintentionally  doped  InAs  layers  are  n-type  and  have  donor  concentrations  in  the 
range  of  7  x  10**  to  2  x  10**  cm'*  which  vary  inversely  with  powth  temperature.  The 
corresponding  carrier  mobilities  vary  from  3.5  x  10*  to  1  x  10*  cm*/V  s.  "nie  GaAs  was 
also  found  to  be  conducting.  The  77-K  photoluminescence  (PL)  spectrum  of  the  GaAs 
grown  on  the  GGG  differs  from  that  of  homoepitaxial  GaAs  in  that  the  heteroepitaxial 
GaAs  PL  intensity  is  approximately  50  times  lower,  its  linewidth  is  five  times  broader, 
and  its  peak  energy  is  blue  shifted  by  10  meV. 

Key  words:  Gadolinium  gallium  garret,  GGG,  GaAs,  molecular  beam  epitaxy,  InAs 


1.  INTRODUCTION 

Over  the  past  decade  there  has  been  considerable 
interest  in  devices  using  ferrimagnetic  garnets.  Of 
particular  interest  are  microwave  non-reciprocal 
devices  such  as  circulators  and  isolators,  and  de¬ 
vices  based  on  the  propagation  of  a  magnetostatic 
wave  (MSW)  in  films  of  these  materials.  Circula¬ 
tors,  which  are  used  to  isolate  different  parts  of  an 
electromagnetic  circuit,  are  the  most  employed 
microwave  component.  Ferrimagnetic  garnet  cir¬ 
culators  which  have  operated  at  frequencies  up  to 
22  GHz  have  low  insertion  losses  (<0.5  dB)  and 
bandwidths  as  large  as  one  octave.*  Also,  several 
MSW  components  such  as  delay  lines,  filters,  reso¬ 
nators,  correlators  and  convolvers  have  been  real¬ 
ized  and  used  for  analog  signal  identification,  con¬ 
trol  and  processing.*  These  components  enable  a 
substantial  reduction  in  the  device  size  required  for 
long  delays  because  MSWs  travel  with  velocities  two 
to  four  orders  magnitude  slower  than  electro¬ 
magnetic  waves.  In  addition,  they  can  operate  in 
microwave  frequency  bands  (0.5-26.5  GHz)  with 
bandwidths  as  large  as  1  GHz  and  have  a  planv 
geometry  that  is  compatible  with  monolithic  micro- 
wave  integrated  circuits  (MMICs). 

Because  of  its  low  propagation  loss,  the  most  fre¬ 
quently  used  ferrimagnetic  film  is  yttrium-iron  gar¬ 
net  (YIG)  grown  by  liquid  phase  epitaxy  on  a  gado¬ 
linium-gallium  garnet  ((jGG)  subrtrate.*  Hie  GGG 
substrate  is  particularly  desirable  because  YIG  films 
that  are  lattice  matched  and  essentially  defect  free 
(<1  cm'*)  can  be  grown  on  large  diameter  (>3  in.) 
(jGG  wafers.  The  integration  of  magnetic  micro- 
wave  non-reciprocal  devices  and  of  MSW  devices  with 
hfltdICs  is  currently  a  hybrid  technique.  One  method 
used  in  this  integration  involves  glidng  or  soldering 
the  circuit  chips  and  the  YIG  ^vices  together  in 
order  to  make  the  win  interconnects.  This  is  a 
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cumbersome  process  with  a  low  yield,  and  the  inter¬ 
connect  wires  can  limit  the  circuit  performance. 
Clearly,  a  need  exists  for  the  monolithic  integration 
of  semiconductor  microwave  devices  with  the  non- 
reciprocal  and  the  MSW  devices.  In  this  paper,  we 
report  on  the  molecular  beam  epitaxy  (MBE)  (^ClaAs 
on  G(}G,  the  first  step  in  such  an  integration. 

To  our  knowledge  there  have  been  only  two  re¬ 
ports  of  the  epitaxial  growth  of  HI-V  compounds  on 
a  garnet  and  both  utilized  organometallic  vapor 
phase  epitaxy.  In  one  case*  an  InP  layer  that  con¬ 
tained  sever^  GalnAs  quantum  wells  was  grown 
on  QCG.  The  lattioe-oonstant  mismatdi  between  the 
InP  and  GQG  was  52.6%.  In  the  second  case*  a  GaAs 
film  was  grown  on  a  garnet  in  which  the  rare-earth 
composition  was  adjusted  to  obtain  lattice  sites  that 
were  more  nearly  coincident  with  the  GaAs  lattice 
sitea  The  mismatch  was  52.7%.  The  electrical  char¬ 
acterization  of  the  layers  was  not  reported  in  either 
cas6v 


2.  EXPERIMENT 

The  dwmical  composition  of  GGG  is  GdsGaeOit, 
and  the  basic  crystal  structure  is  cubic  wi&  a  lat¬ 
tice  parameter  of  12.383A.  The  basic  crystal  struc¬ 
ture  of  GaAs  is  also  cubic,  but  the  lattice  parameter 
is  only  5.653A.  Hie  lattice-constant  mismatch  be¬ 
tween  the  two  structures  is  53.4%.  Even  if  the  GaAs 
were  to  be  grown  such  that  every  second  site  were 
coincident  with  a  GGG  site,  the  mismatdi  would  he 
8.7%.  In  ^ite  of  this  large  mismatch,  attempts  were 
made  to  grow  GaAs  dir^y  on  (100)  GCKl  by  MBE 
at  a  subrtrate  temperature  of  580*  C.  In  situ  reflec¬ 
tion  high-energy  electron  diffraction  (RIffiED)  pat¬ 
terns  indicated  that  the  resulting  thin  filma 
(<2.000A)  were  crystalline;  the  films  became  poly- 
dydaDine  when  thidur  layers  wmre  grown.  Hie  thin 
crystalline  films  were  always  highly  insulating  and 
could  easily  be  etdied  fimn  the  GGG  substrate  with 
28a  hydroflooeic  add.  We  conduded  that  the  filnw  were 
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Table  I.  Comparison  of  the  Calculated  and 
Experimental  Values  of  29  X-ray  Diffraction  Peaks 
for  InAa  and  GaAs  Layers  Grown  on  GGG 


Layer 

Crystal 

Orientation 

(hkl) 

29 

Calculated 

(Deg) 

29 

Experimental 

(Deg) 

InAs 

(111) 

25.44 

25.42 

InAs 

(222) 

52.26 

52.20 

GaAs 

(111) 

27.31 

27.30 

GGG 

(400) 

28.83 

28.83 

GGG 

(800) 

59.73 

59.68 

layer  orientation  than  near  neighbor  lattice-site  co¬ 
incidence. 

Nomarski  and  scanning  electron  micrographs  of 
the  GaAs  surface  on  the  structure  of  Fig.  1  are  shown 
in  Figs.  3a  and  3b,  respectively.  The  rough  surface 
morphology  observed  in  the  photographs  indicates 
that  the  growth  is  primarily  three  dimensional  and 
proceeds  by  the  formation  of  islands  that  coalesce 
as  the  layer  thickness  increases.  The  island  growth 
is  also  manifested  in  the  RHEED  pattern  as  rows 
of  bright  spots  instead  of  the  lines  observed  from 
smooth  surfaces.  The  island  coalescence  is  verified 
by  electrical-conduction  continuity  as  discussed  be¬ 
low. 

Van  der  Pauw  measurements  were  made  on  sev¬ 
eral  films  at  different  stages  of  the  layer  growth. 


nc-  *  —  Mkrographa  from  (a)  Nomaraki  and  (b)  acanning  elae- 
Xxva  microacopa  atudiea  of  tha  GaAa  aurface  on  tha  layar  strae- 
tura  of  Fig.  1.  28b 


Figure  4  is  an  Arrhenius  plot  of  the  carrier  concen¬ 
tration  and  mobility  of  several  unintentionally  doped 
— l-/tm-thick  InAs  layers  grown  on  GGG  at  differ¬ 
ent  substrate  temperatures.  Ibe  carrier  concentra¬ 
tion  of  the  layers  was  found  to  vary  exponentially 
with  the  inverse  of  the  growth  temperature.  This 
phenomenon  is  probably  due  to  a  volatile  impurity 
coming  from  one  of  the  sources.*  As  the  substrate 
temperature  increases,  the  sticking  coefficient  cX  the 
impurity  decreases,  resulting  in  a  lower  carrier  con¬ 
centration.  The  activation  energy  for  this  process, 
as  obtained  from  the  plot  of  Fig.  4,  is  0.073  eV.  The 
carrier  mobility,  also  shown  in  Fig.  4,  varies  in¬ 
versely  with  carrier  concentration,  as  expected.  These 
values  are  about  10%  those  obtained  in  high- 
quality  InAs  with  the  same  concentration,  but  they 
are  believed  to  be  quite  reasonable  for  these  hetero- 
epitaxial  layers  considering  the  strain  and  high  de¬ 
fect  density  usually  associated  with  lattice-mis¬ 
matched  heteroepitaxy.  Van  der  Pauw  measurements 
were  also  made  on  the  structure  shown  in  Fig.  1, 
even  though  parallel  conduction  occinrs  in  each  of 
the  layers  and  in  the  InAs  quantum  wells.  If  the 
entire  structure  is  treated  as  one  layer,  a  concen¬ 
tration  of  6  X  10'^  cm~*  donors  is  obtained  with  a 
mobility  of  1500  cm*/V  a.  These  numbers  are  dif¬ 
ficult  to  interpret  bemuse  (rf*  the  complexity  of  the 
structure  and  the  pow  morphology  of  the  layers,  but 
they  do  indicate  that  the  GaAs  is  conducting.  To  our 
knowledge  these  are  the  first  electrical  measure¬ 
ments  ever  made  on  a  semiconductor  grown  on  a 
garnet. 


Fig.  4  —  Airbenius  plot  of  InAa  donor  conoentnUon  and  canriar 
mollify  aa  a  ftinction  of  invana  growth  tamparaturo. 
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